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Magnetite‒Porous Silicon 100-150 nm size nanoparticles (MPSi) were obtained combining 
luminescent and magnetic properties from silicon and magnetite, respectively. 
MPSi hybrids were characterized by high-resolution transmission electron microscopy, atomic 











The presence of magnetite quenches statically visible luminescence of Porous Silicon toluene 
suspensions. Whereas MPSi, maintain the luminescence in the 300-450 nm spectral region. 
Particles retained the capacity for singlet oxygen and superoxide radical ion generation (Reactive 
Oxygen Species, ROS). However quantum yield singlet oxygen generation is much lower than 
the PSi analogues and superoxide radical ion concentration dismiss when magnetite is 
incorporated in the PSi matrix. 
Silanization of Porous Silicon and MPSi yield nanoparticles with −SH terminal groups with 
unique luminescence properties. 
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In the last years, Porous Silicon nanoparticles (PSi) are receiving increasing attention from the 
scientific biomedical population.  
Unique physicochemical properties of PSi, for instance biocompatibility, high surface to volume 
ratio, customized surface stoichiometry, and simple surface functionalization, provide a potential 
material for controlled drug delivery, photodynamic therapy and bio-imaging (Airaksinen et al. 
2014).  Stable photoluminescence band of PSi in the visible region makes them excellent 
candidates for the development of photoluminescence–based biosensors (Myndrul et al. 2018). 
Moreover, silicon nanoparticles are nontoxic and thus, which dismiss environmental impact. 
Actually, there are a large availability of techniques for the production and characterization of 
nanometric materials with controlled composition and shapes. Developing modifications to the 
nanostructures may improve their integration with biological media and reach the target tissue, 
leading to enhanced solubility, compatibility and recognition (Martin-Palma 2010).  
In particular, Silicon nanomaterials combined with magnetic nanoparticles, allows a hybrid 
nanosctructure with unique set of properties such as the tunable luminescent emission of 
semiconductor and the commutable magnetic properties of magnetic nanoparticles. Magnetite is 
a non toxic magnetic nanomaterial which inducible magnetic moment allows their targeting to a 
defined location or to be heated with an external magnetic field (Tran and Webster 2010).  
Further surface derivatization of such hybrid nanomaterials leaving pendant–SH groups are of 
importance for future work optimizing the use of silicon for targeting strategies in drug and gene 
delivery where the nanoparticles are attached to biomolecules through SH or NH organic groups 
(Lillo et al. 2015)(Caregnato et al. 2010).  
Herein, we developed magnetite – PSi hybrids further derivatized by silanization to yield 
magnetic porous silicon with either −SiO− and −SH terminal groups and investigated the 
particles photoluminescence, singlet oxygen and superoxide anion radical generation in an 
attempt to evaluate the potential use of these particles as optical sensors and therapeutic agents in 
biological systems.  
 












All reactants, standard equipment and detection methods used [High-resolution transmission 
electron microscopy (HRTEM), Atomic Force Microscopy (AFM), Magnetic Force Microscopy 
(MFM), X-ray photoelectron spectroscopy (XPS), Photoluminescence Measurements, Singlet 
Oxygen Phosphorescence Detection and Bilinear regression analysis] are described in the 
Supplementary Material (S.M. – Materials and S.M. – Characterization techniques, respectively). 
Silicon Synthesis. Porous silicon colloidal particles were synthesized according to the methods 
published in the literature (Portoles et al. 2009).  
The particles, which is referred as PSi, were left in the dark in the presence of air to obtain a 
mildly oxidized surface monolayer (Portoles et al. 2009).  
Magnetite nanoparticles synthesis. They were prepared by coprecipitating a Fe2+/Fe3+ mixed 
solution (the molar ratio Fe2+: Fe3+ = 1:2) with a NH4OH solution in air as reported in the 
literature (Thach, Hai, and Chau 2008).  The concentration of Fe2+ used was 0.05 M, in order to 
obtain 10 nm sized nanoparticles. After the reaction, the dark precipitate of magnetite was 
washed several cycles with distilled water and magnetic decantation. These particles are named 
MNP. 
Both toluene suspensions of PSi and MNP were prepared separately.  
Hybrid Composites Preparation. A MNP suspension was added drop by drop at room 
temperature, to a PSi suspension under constant stirring, to a final concentration of 0.06 g/L 
MNP and 0.47 g/L PSi. The obtained solid was filtered with a 0.2 m pore membrane and 
washed with toluene several times and finally suspended in toluene for further uses. These 
particles will be referred to as MPSi. As will be discussed further (vide infra), the maximum 
concentration of MNP used is limited to the observation of luminescence, see S.M.−PSi 
quenching. 
Surface-Modification Procedures. To obtain PSi and MPSi with surface thiol groups, 
silanization reaction was performed employing MPTS which reacts with terminal Si−OH and 
Fe−OH present in surface oxidized PSi (Caregnato et al. 2010)(Caregnato, Dell ’Arciprete, and 
Gonzalez 2013) and magnetite environments (Li, He, and Swihart 2004)(Rosso-Vasic et al. 
2008) (Yamaura et al. 2004)(Sundar, Mariappan, and Piraman 2014), respectively. To that 
purpose, the silane agent was added to suspended particles in toluene and stirred for 48 hours. 
The excess of MPTS was removed by membrane dialysis (Caregnato, Dell ’Arciprete, and 
Gonzalez 2013). Surface-modified samples were named PSi−SH and MPSi−SH, respectively. 
 
 
3. Results and Discussion 
 
3.1. Sample characterization  
The XPS of PSi and MPSi (see Figure 1) shows the characteristic Si 2s, Si 2p, Fe 2p, and O 1s 
peaks.  
PSi. The Si(2p) region displays the contribution of different environments for the silicon atoms. 
Peaks with a binding energy of 101.4, 102.2 and 103.6 eV with contributions of 15.4, 73.8 and 
2.5%, respectively, were assigned to Si(–O–)x, where the coordination of oxygen is 2, 3 and 4. 
The peak at 98.8 eV was assigned to Si–Si with a contribution of 8.3% (Caregnato, Dell 
’Arciprete, and Gonzalez 2013). 
The O 1s peak contribution at 532.2 eV assigned to Si(O−)x environments, supports the 
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2012). 
MPSi. Si(2p) and O(1s) region has the same peaks and contributions than PSi sample. 
The Fe 2p XPS spectrum of MPSi includes two oxidation states, Fe(II) and Fe(III). The spectrum 
can be successfully fitted to four main peaks in the 2p3/2 region with a signal separation, 
ΔBE(binding energy) (BE 2p3/2 − BE 2p1/2), of about 13.5 eV. The binding energy peak at 709 
eV is attributed to Fe(II) compounds. Fe(III) octahedral species show BE of 711 eV and the 
Fe(III) tetrahedral species depict BE of 712.5 eV, in line with literature data for magnetite 
particles (Yamashita and Hayes 2008) (Wilson and Langell 2014). The lowest BE peak at 708.5 
eV could be assigned to Si-O-Fe bridges, as was published by Bogatyrev and coworkers, for the 
Fe 2p XPS spectra of Fe2O3-SiO2 nanocomposites (Bogatyrev et al. 2009). 
The results of the deconvoluted peaks using the parameters defined above yield a Fe(II):Fe(III) 
ratio greater than the 0.5 expected for Fe3O4. This could be an indication of surface reduction 
under the ultrahigh vacuum conditions and X-ray flux of the measurement. However, as is 
reported in the literature (Wilson and Langell 2014), the satellite structure could be weakened in 




Figure 1. Main: XPS spectrum of the Si(2p) core level of the PSi sample. Insets: Si(2p) and 
Fe(2p) core levels of the MPSi sample. 
 
 
AFM images were obtained for MNP, PSi and MPSi samples suspended in toluene, after 
dropcasting on a mica support and solvent evaporation. 
From the corresponding AFM histogram of MNP, a mean particle height of (15 ± 5) nm is 
estimated (Figure 2). 
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Figure 2. Atomic force microscopy (AFM) 3D image MNP dropcast from toluene dispersion 
onto a mica substrate  
 
Figure 3a and 3b show the AFM image of PSi and MPSi samples, respectively. The line scan 
profiles present the height information along the lines in the main picture. They show a step 
structure characteristic of porous particles. The height difference to the brighter point is about 







































Figure 3. a)AFM image of PSi dropcast (a) and MPSi (d) from toluene dispersion onto a mica 
substrate (psi-15-11-2017.006) b) and c) line profiles analysis along the lines indicated in a), and 
e) line profile analysis along the lines indicated in d) 
 
MFM characterization of MPSi particles is reported in Figure 4, which has been performed by 
acquiring the topography (Figure 4A) and the standard phase image during the first pass in 
tapping mode. The characterization of the same area has been repeated several times with 
different values of lift height Δz=0, 25, 50 and 100 nm (Figure 4B-D).  
The phase’s images from 0 to 100 nm show that the black intensity spots of face image, 
decreased with tip-sample distance, which confirms the magnetic property of the MPSi samples.  
Similar measurements were taken for PSi samples which showed no magnetic properties. MFM 
images of Fe2O3 samples, showed dark areas in the phase image, which indicates magnetic 












Figure 4. MFM image MPSi dropcast from toluene dispersion onto a mica substrate. A) 
topography, B) phase ΔZ=0 nm, C) phase ΔZ=25 nm, D) phase ΔZ=50 nm, E) phase ΔZ=100 
nm. 
Representative HRTEM images for MNP (S.M.-Figure 3) and diffraction pattern indicate 
crystalline magnetite particles of 10 nm size. Lattice spacing of 2.53 Å is consistent with the 
spacing of the (311) crystal plane of a face-centered cubic magnetite phase (Huang et al. 2012). 
No diffraction pattern was found in TEM images of PSi samples, standing the amorphous 
structure of the porous silicon.  
Figure 5 shows the HAADF-STEM images of PSi. The particles have an irregular shape 
characteristic of a porous structure, similar to AFM height profile described before.  
TEM-EDS mapping profiles of PSi sample show the Si and O distribution, indicating that the 
silicon is surfaced oxidized (figure 5 b) and c)). 
TEM image of MPSi can be seen in Figure 6a). HAADF-STEM and TEM-EDS pictures of the 
same region are shown in figure 6 b) and c). Mapping profiles indicate that Fe was mainly 
dispersed on the surface of silicon surrounding the PSi particles, and in smaller quantity it seems 
that Fe is inside de silicon structure. The mapping showing the oxygen distribution indicates that 
both iron and silicon nanoparticles are surface oxidized (Figure 6d)).  
The TEM image in SI-Figure 3b) shows the same arrangement of MNP round the bigger silicon 

































Figure 5.  a) HAADF-STEM image of PSi sample. b) and c) TEM-EDS mapping profiles of PSi 
























Figure 6. a) TEM image (a) and HAADF-STEM image (b) of MPSi sample. (c) and (d) TEM-
EDS mapping profiles of MPSi showing the Si (green) and Fe (red) and O (yellow) distribution. 
 












Porous Silicon based materials have been reported to photoluminescence in the whole range of 
the visible region of the spectrum, and into the near UV. (Cullis, Canham, and Calcott 1997). 
In our experiments, PSi shows PL in the wavelength range from 300 to 650 nm, with the 
emission spectrum strongly depending on the excitation wavelength in the specified range. Both, 
the incorporation of MNP and the surface derivatization with MPTS, introduce changes in PSi 
photoluminescence. A bilinear regression analysis of the emission–excitation matrix (E–EM) 
was performed in order to calculate the number of species and contribution of them to the overall 
E–EM. Moreover, the mean band gap energy of the species determined of each particles may be 
calculated from the excitation spectrum threshold of each individual species (Juan J. Romero et 
al. 2013) (Juan J. Romero et al. 2015). Obtained values are depicted in Table 1. 
PSi suspensions in toluene show the contribution to the E–EM of a minimum of three species 
with an excitation–emission maximum at (λexc/nm, λem/nm): (290, 330), (330,370−420) and (285, 
580) denoted as PSi1, PSi2 and PSi3, respectively (Figure 7a). Freshly prepared suspensions 
show higher PSi3 emission intensities than aged-suspensions. The intensity of the (285, 580) 
photoluminescence band diminishes when MNP toluene suspension is added dropwise to PSi 
(S.M. – PSi Quenching). No significant PL signal was observed for [MNP]  0.06g/L. In order to 
discard that an inner filter effect (IFEs) is the cause of the reduction of emission intensity at 580 
nm, obtained luminescence data was corrected following literature recommendations (Juan José 
Romero et al. 2018) (S.M. – Luminescence intensity correction). Corrected fluorescence after 
removing the IFEs, probes that the quenching processes is mainly due to the presence of 
magnetite in the samples. 
MPSi luminescence (see Figure 7b) may be described by two main contributing species with 
(λexc/nm, λem/nm): (290, 330) and (340, 380), denoted as MPSi1 and MPSi2, respectively. 
Emission at higher wavelengths is negligible under the experimental conditions used for 





















Figure 7. Excitation (open symbol) and emission (full symbol) spectra of the minimum number 
of contributing emitters to the overall PL as obtained from the bilinear analysis of the PL 
excitation−emission matrix of toluene suspensions of each PSi, MPSi, PSi-SH and MPSi-SH 
samples. Lines stands for the contribution to the overall emission due to the transient observed 
upon 298 (green) and 341 nm (red). Although the luminescence intensity is expressed in 
arbitrary units, it is in the same scale in all the figures. 
 
 
The PL excitation−emission spectra, Energy gap (EG), λemmax, and Stokes Shift (SS) of emitting 
species PSi1 and MPSi1, are comparable within the experimental error and may therefore be 
assigned to the same contributing species (see Table 1). The EG values are coincident with the 
PL maximum and thus, confirm that the PL excitation and emission spectra of species PSi1 and 
MPSi1, originate from the same optical transitions. A similar situation is observed for emitting 
species PSi2 and MPSi2. 
Table 1 








2.95  0.41 
9.28±0.1 
PSi3 2.14 (580 nm) 2.2  2.21 * 




3.1  0.39 
9.35±0.09 
 
MPSiSH1 3.44 (360 nm) 3.62  0.69 ---- 
MPSiSH2 3.26 (380 nm) 3.32  0.5 
9.6±0.1 
 
MPSiSH3 3.02 (410 nm) 2.92  0.42 ---- 











Table 1: Emision maximum (Eem max), Energy Gap, Stokes shift and luminescence decay times 
obtained for the different emitters of PSi, MPSi, and MPSiSH. Similar colors remark emitters 
corresponding to the same species. 
 
The PL decay times, τ, of the different contributing species were obtained from exponential 
decay fittings of the PL traces obtained upon excitation at 295, 341 and 373 nm, respectively. 
Therefore, excitation at 295, 341, and 373 nm was performed to obtain τ values for PSi1, PSi2, 
and PSi3, respectively. Excitation of PSi in toluene suspensions at 295 and 341 nm lead to 
transient luminescence curves which could be well fitted to a monoexponential decay with decay 
times of (8.32±0.05) and (9.3±0.1) ns, respectively. The emission spectra of the two components 
resemble those obtained for PSi1 and PSi2 (see full colored lines in figure 7 a), confirming that 
PSi1 and PSi2 correspond to two well defined emitters contributing to the overall 
photoluminescence. 
Time resolved experiments performed for MPSi in toluene suspensions yield, within the 
experimental error, similar τ and emission spectra to those observed for PSi1 and PSi2, further 
supporting our previous discussion suggesting that emitters PSi1 and MPSi1 correspond to the 
same species. A similar reasoning is valid for emitters PSi2 and MPSi2.  
The presence of closely spaced and interconnected silicon nanocrystals of diameter < 5 nm may 
be responsible for PSi1 and PSi2 emitters, in line with literature reports on electrochemically 
etched PSi (Joo et al. 2016). In fact, small 2 nm size crystalline silicon nanoparticles (SiNp) 
show emission in the same region than PSi1 and PSi2 and similar PL lifetimes (Llansola Portoles 
et al. 2012) (Caregnato, Dell ’Arciprete, and Gonzalez 2013). Therefore, PSi1 and PSi2 emitters 
may be associated to silicon crystallites of 1-2 nm size, embedded within the PSi structure. 
Moreover, the luminescence of these crystallites is not affected by the presence of magnetite in 
MPSi samples. These crystallites are the main fluorophores observed in MPSi samples.  
Spectra-LED excitation of PSi samples at 373 nm, leads to a PL decay that could be well fitted 
by a monoexponential function with lifetimes strongly depending upon the emission wavelength, 
with values decreasing from 40 μs at 650 nm to 10 μs at 500 nm (see figure 8). Similar results 
were found in literature indicating that room temperature decay times of PSi increase in a 
monotonic manner with increasing wavelength (Cullis, Canham, and Calcott 1997). Confinement 
effect, enhances the overlap between electron and hole wave functions, decreasing the radiative 
lifetimes at shortest wavelength (Bsiesy et al. 1991). Despite the emission intensity of MPSi in 
the wavelength range > 500 nm is much lower than that observed for PSi, it shows the same τ 
and wavelength dependence than PSi. As a consequence, it may be concluded that MNP 
quenching of the PL of PSi3 emitters involves a static process. According to our previous 
characterization of MPSi, MNP nanoparticles are either physically adsorbed or chemically 
bonded through Si-O-Fe bonds to the superficial silicon structure. The observed quenching of 
PSi3 photoluminescence by MNP is shown in scheme 1. It may be due to the creation of non-
radiative surface states (MPSi3*) which are the superficial structural defects raised by MNP 












Scheme 1. Photoluminescence quenching mechanism proposed of MPSi nanoparticles.  
 
 
Figure 8. PL decay time after Spectra-LED excitation at 373nm vs emission wavelength for PSi, 
MPSi and MPSi-SH. Inset: Emission traces at 580nm after 373nm Spectra-LED excitation of 
particle toluene suspensions of PSi, MPSi and MPSi-SH (from top to bottom). 
 
The emission−excitation spectra of both, PSi-SH and MPSi−SH, show the contribution of three 
emitting species. Those with (300, 360) and (330, 380) (see Figure 7c and 7d), named 
consecutively as SH1 and SH2 are identical, though their luminescence intensity diminish when 
MPSi surface is derivatized with MPTS to yield MPSi-SH. The third emitter observed at 
(λexc/nm, λem/nm): (360, 410) for MPSi−SH and at (370, 400) for PSi-SH have no correlation 
with those observed for MPSi and PSi. The appearance of this new emitter is in line with 
reported studies (Caregnato, Dell ’Arciprete, and Gonzalez 2013) describing that surface 
modification of silicon nanoparticles with thiol organic groups, which brings in a new 
contributing species to the excitation-emission matrix with (λexc/nm, λem/nm):(370, 410−430).  
Spectra-LED excitation of PSi-SH samples at 373 nm, leads to a PL decay that could be well 
fitted by a monoexponential function with lifetimes strongly depending upon the emission 
wavelength, as described before and also shown in figure 8. Observed τ values and wavelength 
dependence are similar to those of PSi3 emitters, thus also supporting a static quenching of PSi3 
by organic chemisorbed molecules. A unique excitation transition leading to exciton formation 
        PSi3* + MNP    MPSi3* 
   
 τ 
                                    











and its further relaxation to different lower-lying emitting states originated from different surface 
defects introduced by S, O, and Fe is also inferred. 
 
3.3. ROS generation 
 
Singlet oxygen (1O2) formation upon 355 nm and 266 nm irradiation of PSi and MPSi in 
acetonitrile suspensions is evidenced by the time-resolved phosphorescence traces observed at 
1270 nm. 1O2 traces were fitted to an exponential decay law according to the equation: I1O2(t) = 
I1O2(t=0) × exp(−t/τΔ) with I the phosphorescence intensity (see fitting curves in Figure 9) and τΔ 
the 1O2 lifetime.  
Obtained singlet oxygen quantum yields, ΦΔ, are shown in Table 2. Values of 0.26 and 0.08 were 
obtained for PSi and MPSi. ΦΔ value obtained for MPSi is on the order of that published in the 
literature for iron containing 2 nm silicon nanoparticles after 355 nm irradiation (ΦΔ = 
0.06±0.01) (Juan J. Romero et al. 2015). 
Singlet oxygen lifetimes (see Table 2), obtained from the decay of phenalenone traces are in 
agreement with literature data (Darmanyan and Foote 1993). Singlet oxygen lifetimes calculated 
in suspensions of PSi and MPSi (see traces in Figure 9 and Table 2) are smaller than τΔ obtained 
for the references, indicating a possible reaction between 1O2 generated and the particles surface. 
The τΔ value of MPSi, is slightly smaller than that of iron-free surface-oxidized PSi, showing a 
small effect of iron on 1O2 reactivity.  
It is interesting to note that, MNP is able to efficiently quench the 1O2 produced by a reference in 
acetonitrile but does not affect singlet oxygen lifetime (S.M.–Figure 4). Therefore, MNP does 
not undergo neither dynamical physical, nor chemical interactions with 1O2. However, this is not 
the case of 1O2 reaction with MPSi, where a dynamic quenching contribution is also observed. 
This could be due to differences with surface groups present in PSi and MPSi. Surface Si-O-Fe 
groups present in MPSi interact with 1O2 in a different way that Si-O-Si in PSi surface do. 
 
Table 2 
 Phenalenone PSi MPSi 
ΦΔ (acetonitrile) 
λexc. 266 nm 
0.95 0.26 ± 0.01 0.08 ± 0.01 
ΦΔ (acetonitrile) 
λexc. 355 nm 
0.95 0.27±0.05 ----*---- 
τΔ (acetonitrile, 
λexc. 266 nm)/μs 
66.6 ± 0.2 57.1 ± 0.2 53.3 ± 0.4 
[H2O2] at λexc. 350 
nm 
--------- 2.910-4M 8.110-5M 
* Singlet oxygen traces too small for performing calculations. 
 
Table 2. Singlet oxygen quantum yields (ΦΔ) and decay times (τΔ) 
 
Since Superoxide radical anion (O2●–) recombination leads to H2O2 production, a commercial 
enzymatic colorimetric assay was used to measure [H2O2] as an indirect method (Lillo et al. 
2015) for determining O2●– generation. H2O2 formation was observed in irradiation experiments 
of PSi and MPSi aqueous suspensions at λexc. 350 nm, concluding that both samples generate O2●–












Figure 9. Singlet oxygen phosphorescence decay curves at 1270 nm obtained upon 266 nm 
excitation of samples in air-saturated acetonitrile solution. From top to button: reference 
(phenalenone), PSi and MPSi. Black lines stand for the curves fitting to a single exponential 
decay.  
 
According to the results exposed, the only specie that absorbs at 266 nm in PSi sample, is PSi3.  
MNPs are mainly distributed in the outer surface of PSi, quenching statically the visible PL and 
1O2 production.  
This means that PSi3 is associated with surface excited states of porous silicon. PL of this specie 
is also statically quenched by MPTS in PSi–SH samples (vide supra). 
Upon 355 nm irradiation of PSi, the 1O2 quantum yield production is (0.27±0.05), supporting the 
fact that PSi3 is the specie responsible of 1O2 production.  
The specie PSi3 has an energy gap  2 eV and a lifetime in the order of microseconds. Goller 
and coworkers have demonstrated that excitons having these energies and lifetimes, efficiently 
undergo an energy transfer to oxygen molecules physisorbed on the surface of silicon 
nanoparticles, generating 1O2 (Goller et al. 2010). 
Superoxide radical anion (O2●–) production occurs via a charge transfer of exitons to molecular 
oxygen, as it was demonstrated in previous reports (Lillo et al. 2015). 
In conclusion, the exposed surface of PSi is very sensitive to the presence of adsorbed molecules 
or small particles to the optical properties and ROS generation of the material. 
Myndrul and co workers have published that gold coated porous silicon nanocomposite, which 
has a PL peak in the same visible spectra region than the bared PSi, showed that the PL intensity 
of PSi-Au materials diminishes gradually with the increase of the thickness of Au layer (Myndrul 
et al. 2017). 
In addition, the use of PSi-based photoluminescence immunosensors, shows a quenching of the 
visible PL with the increase of the target molecule adsorbed to the receptors chemically modified 











This means that, 10 nm magnetite nanoparticles, are not able to reach the internal pores of MPSi, 
and do not modify the nanocrystalline silicon network and smaller pores volume distribution, 
which are responsible for the PL in the UV region of spectra (PSi1 and PSi2 species). 
 
4. Conclusions 
Magnetic porous silicon nanoparticles were obtained by suspending 10-15 nm diameter of 
magnetite nanoparticles into porous silicon suspensions. Fe-containing PSi quenches the visible 
luminescence at  580 nm characteristic of porous silicon by a static process. Nevertheless, these 
particles have 1O2 photosensitizing properties, stable luminescence in the range 330-400 nm, and 
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